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INTRODUCTION AND BACKGROUND

INTRODUCTION

Since the beginning of the 21 st century, global warming has become a major society subject. While the anthropogenic CO2 emissions were steady to 350 ppm until 1990, they have increased for 30 years. Nowadays, studies are noticing 460 ppm, and these measures confirm a 2 °C increase in average temperature in 2100. Anthropogenic CO2 is due to two major fields: the fossil fuels which are used for heating and cooling, vehicles and plastic, and the Portland cement used in concrete. Even if it exists a lot of types of concretes, all are made up of three main components in quite fixed proportions (Figure 1.1), and cement is far from being the main one. Obviously, the part of cement pollution in the concrete carbon footprint vary according to the materials used, and so depends on the cement type (Figure 1.3). It also appears that this footprint is mainly a function of the rate of clinker, which is an intermediary product of PC. Moreover, even if the aggregates represent only 5% of the concrete carbon footprint, they are also the main materials which are going to evolve by 2050. According to F. Dubois study, half of them will become recycled aggregates, and that will decrease their embodied carbon.

Taking seriously this global climate emergency is essential. In order to reduce these carbon cement emissions, a global Route Map for 2050 was created. It aims to establish a cement carbon-free future through three strategies :

-Alkali Activated Cementitious Materials, -Carbon Capture and Sequestration, and Use, -dilution of Portland cement.

The first strategy isn't globally sustainable because the materials used such as ground granulated blast furnace slag are in too small quantities. Moreover, concrete made with GGBS needs a higher cement proportion. As a consequence, even if one kilogram of GGBS cement releases less greenhouse gas than one kilogram of PC, the number of GGBS kilograms used is higher than the PC one. So, these considerations have to be seriously studied to avoid a misuse of GGBS.

The second strategy consists of two operation shafts : capturing the CO2 released during the cement made process, and storing carbon dioxide thanks to concrete. Capturing the carbon dioxide created during the chemical reaction between cement's materials and the one produced during the heat treatment required in the chemical reaction is feasible through several methods such as oxyfuel systems for capturing the heat treatment carbon, and direct separation for the CO2 emissions due to the chemical reaction. Even if these technologies are high energy-consuming, they are a way to capture 90% of the cement production's carbon dioxide emissions. However, any use of this captured CO2 isn't still found, and studies are in progress to make this option efficient and commercially viable. Another option to reduce the cement carbon footprint is to use concrete to store as much carbon dioxide as its production released. As the carbonation improves concrete's compressive strength, injecting CO2 in the concrete mix could both store some carbon dioxide and reduce the needed quantity of cement to achieve the desired compressive strength. The same reasoning could be followed curing precast concrete with CO2 rather than water. Obviously, such methods cannot be applied with steel-reinforced concrete or cast-in-place concrete. Then, whatever its use, all concrete is subjected to natural carbonation during its service life. Thereby, at the end of its life, 1 m 3 of concrete stores around 10% of the CO2 its production released in the atmosphere several years ago (Figure 1.4). In addition, letting the demolished crushed concrete absorb CO2 before to recycle it would permit to store much more carbon dioxide than the quantity released to produce it. The last strategy to establish a carbon cement-free future permits to replace 20 % of the PC in 2022 and aim to reach 50 % in 2030. Consistent with the European Committee for Standardization and United-Kingdom standards BS EN 197 parts 1 and 5, and BS EN 206, concrete is marketable replacing PC with other components such as fly ash, GGBS, limestone and calcined clay. While FA are limited because they come from the coal production which is a polluting process doomed to disappear, and GGBS amounts are fixed but limited, LS is the best current option, and calcined clay is going to be developed for a provided use for 2025. Thus, this replacement strategy is the more currently viable.

But in any case, dilution of PC with one of several of these components slows the chemical reaction of cement output. In average, the concrete reaches maturity at the end of 90 days whereas it's 28 days for standard PC.

OBJECTIVES OF THE LOW CARBON CONCRETE PROJECT

The carbonation increases the strength of concrete, so the concrete is mature when the carbonation process is over. However, reducing PC quantities slows the concrete carbonation. Thus, normalized tests used to determine the strength of CEM I penalize other concretes because the test is at 29 days and they can't reach their maturity in such a short time.

As a consequence, even if these alternative concretes are a way to reduce the CO2 emissions, they're not viable as these stands because their strengths can't be validated at 29 days, and neither industries and research teams have time to wait 90 days before validating the concrete resistance.

The aim of the Low Carbon Concrete Project is to assure that concrete containing slowly reacting cement is as effective as PC concrete.

In order to answer this question, concrete maturity must be reached quicker.

Two main leads have been followed up since the beginning of the project to achieve a concrete maturity as close to PC concrete as possible: the alkali boosting and the heat-accelerating chemical reactions. Previous Low Carbon Concrete Project's studies have demonstrated that the first method does not work, but considering the current results, the second is promising.

SCOPE OF RESEARCH

In EN 206, the CEN provides alternative Portland cement concretes. These acknowledged concretes are made with six common cement types which are composed of PC, GGBS, silica fume, pozzolana, FA, burnt shale and LS. They are defined in EN 197-1 (Appendix 1) and listed below (Table 1.1). Outline: the microstructure study Although the increase of the curing temperature is a way to compare the strength of reference concrete and low carbon concrete, we do not how elevated temperatures influence some aspects of the samples composition, for example the rate of carbonation. Studying the microstructure of both standard concrete and heat accelerated concrete is a way to define how the concrete is changed by this curing process, and how that can influence the strength and durability results.

Master's thesis issue

In order to establish laws about the low carbon concrete behaviour in dry elevated temperatures conditions, a study has to be conducted on a microstructural level. A microstructural analysis must quantify the evolution of concrete chemistry hydrate during an elevated temperature curing processes. The results could be taken in conjunction with concrete performance and improve knowledge about long-term durability of low carbon concrete.

LITERATURE REVIEW

INTRODUCTION

This Chapter highlights the main researches done during the past ten years on cementitious materials of low carbon concretes, concrete carbonation, curing regime of concrete and microstructural analysis of samples. The following parts have a threefold aim :

-acquiring the current knowledge relative to the project's issues ; -identifying the different techniques to implement in order to collect the desired results ; -understanding how analysing the results.

CEMENTOUS MATERIALS 2.2.1. Standards

Cement and concrete are both subject to regulations, respectively EN 197 and EN 206. Cement can be made of eleven major constituents, but whatever their proportions, the first criterion is the total quantity of calcium silicate because that is the first source of hydration products which take part in the concrete hardening. Thereby, CaO and SiO2 must represent at least 50% by mass of the cement powder.

The cement constituents studied are PC, GGBS, FA and LS. Some points should be noticed according to EN 197 and A.M. Neville :

-PC contains 65% by mass of calcium silicate, that is why it has been the first cement constituent ; -GGBS contains 65% by mass of CaO, SiO2 (both are calcium silicate) and MgO ; -FA are spherical particles and more amorphous hollow spheres, usually size above 45 μm, but some of them are under 10 μm.

Hydration of the cement

Silicate and aluminate are the main compounds of PC. Consequently, most of the hydration products come from these two elements. The table below resumes which are the maim hydrate products and where do they come from (Table 2.1) -C-S-H is the not only the main reaction product, but it is also the first source of concrete strength. This chemical element looks like a cylinder measuring between 0.5 and 2 µm in height, and no more than 0.2 µm wide ; -The calcium hydroxide, better-known as Portlandite, is a hexagon measuring approximatively 10 µm in size and very thin in height. However, these hexagons are most often stacked in massif, so only thin layers are visible ; -C3A-H meanwhile has two shapes : the first one is a hexagon too, and then it becomes a crystalline cube.

Influence of cementitious materials on concrete microstructure

All cementitious materials do not affect the concrete microstructure in the same way. F. Muslim et al. presented concrete porosity data collected from concrete mixes based on Portland cement with three replacements : 8% of SF, 30% of FA and 60% of GGBS. Thanks to their measures, the next graph can be drawn (Figure 2.1).

Figure 2.1 Accessible porosity measured after conditioning at 21 °C, 75% RH

(Data from F. [START_REF] Muslim | Influence of supplementary cementitious materials on microstructure and transport properties of spacer-concrete interface[END_REF] Obviously, the three previous replacements affect concrete porosity in different ways. Moreover, the change of porosity is not linked with the proportion of replacement. While the proportion of FA replacement is between the ones of SF and GGBS, the porosity of its concrete is more considerable. Indeed, FA make easier the porosity compared to GGBS and SF. Furthermore, FA and GGBS particles are finer than PC ones, so they reduce the demand on water during the concrete casting because they are less absorbent. Thus, the final microstructure is finer than with PC only. It is necessary to be prudent, because a denser structure does not mean a less porous system. Actually, only the pore size is affected by these materials, not the total porosity.

CARBONATION 2.3.1. Carbonation process

As explained A.M. Neville, portlandite is the first hydrate which reacts with carbon dioxide, producing CaCO3. Then, calcium silicate molecules are carbonated and form CaCO3, as well as large pore size bigger than 100 nm.

On the one hand, the speed of the carbonation process depends on the rate of humidity to which the concrete is exposed. Indeed, the better rate of humidity for a quick carbonation is between 50% and 70%, i.e. the common rate of humidity of an indoor lab. In parallel, a wet curing which has a rate of humidity higher than 70% slows down the carbonation in a lasting way. The rate of carbonation also increases with a rise of temperatures unless they are too high and imply a decrease of the rate of humidity under 50%.

On the other hand, the depth of carbonation also increases if the w/c ratio increases. Knowing that an increase of the w/c ratio increases the porosity, and that the carbonation is faster with a porous system, it is also used to compare the carbonation with the strength of concrete. Indeed, the compressive strength is used to increase while the porosity is decreasing, and so while the depth of carbonation is decreasing too. 2.3.2. Natural, accelerated Carbonation of concrete is due to the diffusion of the atmospheric CO2 in the concrete porosity. While the carbonation decreases the total porosity of concrete, and so improves its strength, it is also one of the main phenomena which induces corrosion of rebar. Therefore, the carbonation process is a major issue of the sustainable concrete field. However, as the atmospheric carbon dioxide concentration is around 0.04%, the natural carbonation is a very slow chemical mechanism. Samples must be cured at least six months before to observe the carbonation impacts. Consequently, research was conducted by J.L. Branch et al. and V. Shah et al. in order to identify in which way scientists can accelerate the carbonation keeping natural carbonation representative results. Their works proved that any significant changes are not observed as long as the accelerated-process carbon dioxide concentration is lower than 10%. Thus, at 3% CO2 concentration and on complete carbonation, natural and accelerated carbonation both change the concrete microstructure reducing the porosity of the cement paste.

Impact of the microstructure on the carbonation

The carbonation depends on two main factors : the diffusion of carbon dioxide and the portlandite availability. In both cases, the microstructure reveals how the concrete is liable to carbonate. Firstly, the more porous the concrete, the easier the diffusion of carbon dioxide. According to J. Herterich et al., the porosity of concrete with 0%, 30% and 60% FA and GGBS replacement is mastered by the w/c ratio and curing periods. Indeed, high w/c ratios and short curing periods favour a more open and porous microstructure (Figure 2.2). On the contrary, concrete made with low w/c ratio or long curing period has a thinner microstructure.

Secondly, carbonation is a chemical reaction between carbon dioxide and portlandite. J. Herterich's graphs show how carbon dioxide reacts with portlandite to form CaCO3 (Figure 2.2). Thus, if the CO2
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diffusion is not restricted by the size of the pores, it is by the portlandite availability. So considering the study of A.M. Neville, as FA reacts with portlandite, C-H availability is reduced, and the depth of carbonation is boosted. In the same way, GGBS hydration releases more C-S-H which is the second hydrate product reacting with carbon dioxide, but this hydration is very slow. Consequently, GGBS also reduces the amount of C-S-H, and as long as the concrete is poorly cured, the carbonation is faster. However, once past the early age, the hydrate products created a denser microstructure, so the carbonation is stopped.

Impact of the carbonation on microstructure

On the other hand, whatever is the initial concrete microstructure, the carbonation process impacts the microstructure. In order to understand the following part, it is important to note that porosity and solid volume are two related phenomena. If the percentage of porosity decreases, the percentage of solid volume increases, and vice versa.

Starting from this premise, V. Shah et al. measured and modelled the carbonation effects on concrete porosity. Their thermodynamic modelling shows that, either it is Portland cement or a mix with FA, LS or calcined clay, the solid volume of cement decreases with a complete carbonation. However, in the beginning of carbonation, porosity of cement made with Portland cement decreases (Figure 2.3). This is due to the amount of C-H in PC. Indeed, according to A.M. Neville, the volume of CaCO3 is more important than the one of Ca(OH)2. That is why the reaction between C-H and CO2 increases the volume of this phase. Once all portlandite reacted, other components carbonate reducing their volume, and so the total volume of cement. Indeed, as the calcium hydroxide presents in PC controls the rate of porosity, other cementitious materials also influence it, because the calcium concentration is the actual key factor. These solid volume variations have repercussions on the porosity of concrete : the greater the solid volume, the lower the porosity. Consequently, carbonation is braked, and that explains why the depth of carbonation is a square root of time function : the first effects of the carbonation hinder its own ingress.

Therefore, studying concrete microstructure in order to estimate the degree of carbonation is an option, but not a true way to quantify it. As the hydration of cement also influences the porosity, this latter cannot be a relevant factor of carbonation, unless the carbonation process is over. Moreover, the study of J.L. Branch et al. shows that the porosity of the system increases at the border between carbonated and uncarbonated region, and studying porosity in a such precise way it is particularly hard.

Side effect

Even if the porosity is an efficient indicator of carbonation, side effect must be considered. Indeed, J.L. Branch et al. measured an elevated porosity in the interfacial transition zone compared to the bulk region, whether the carbonation is natural or accelerated, and the concrete is carbonated or uncarbonated, and made with Portland cement or fly ash replacement. The porosity in the interfacial transition zone is at least 30% higher than the bulk region (Table 2.2). 2.4.2. Microstructure According to A.M. Neville, both FA and GGBS are more reactive with higher curing temperatures. In consequence, their hydration takes place faster, and at an equal curing time the heat-cured concrete microstructure is thinner.

Link with carbonation

Before to compare standard group and heat accelerated group, it is necessary to determine if elevated temperature influence the carbonation rate of concrete. As both carbonation and heat curing reduce concrete's porosity, this issue must be studied at a microstructural level in order to understand how concrete's chemistry react to a heat treatment.

MICROSTRUCTURE ANALYSIS 2.5.1. Ways of representation

All the previous studies were conducted with several tools such as X-ray diffraction, mercury intrusion porosimetry or scanning electron microscopy. However, H.T. Kim et al. published a detailed work on concrete microstructural representation with X-ray and neutron tomography. Both techniques have strengths, but knowing their drawbacks is essential to avoid mistakes. While the X-ray tomography uses the materials' density to identify them, cement paste and fine aggregates smaller than 2 mm can have a similar density. Indeed, this method is not efficient to identify these components. However, given that voids are zero-density, there are easy to identify. On the other side, even if the neutron tomography identifies well fine aggregates, their sampling bias and scattering noise creates an artificial aggregate layer between voids and cement past. Thus, none of these methods is exact but the right microstructure can be reconstituted using a segmentation process (Figure 2.5).

Techniques of analysis

Carbonation test

The carbonation test is conducted with phenolphthalein, and as A.M. Neville emphasizes, the violet color shows the presence of Ca(OH)2, and not the one of CaCO3. Indeed, the carbonation may have begun in some concrete area, but there is not any visually proof.

Mercury intrusion porosimetry

The MIPs test aims to give information about pore sizes through pore diameters while any pores have not a spherical shape. A.M. Neville helps to understand this phenomenon, and actually, the pore diameter equivalence allows to have the same ratio, noted R, volume to surface than the actual void shape in concrete. By looking at the equation below, as each ratio corresponds to a single sphere radius, each ratio corresponds to a single pore diameter and a single couple of volume and surface.

{ 𝑉 𝑟𝑒𝑎𝑙 𝑝𝑜𝑟𝑒 𝑆 𝑟𝑒𝑎𝑙 𝑝𝑜𝑟𝑒 = 𝑅 𝑉 𝑠ℎ𝑝𝑒𝑟𝑒 𝑆 𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑉 𝑟𝑒𝑎𝑙 𝑝𝑜𝑟𝑒 𝑆 𝑟𝑒𝑎𝑙 𝑝𝑜𝑟𝑒 ⇒ 𝑉 𝑠ℎ𝑝𝑒𝑟𝑒 𝑆 𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑅 ⇒ 𝑟𝑎𝑑𝑖𝑢𝑠 𝑠𝑝ℎ𝑒𝑟𝑒 = 3𝑅 ⇒ { 𝑉 𝑠ℎ𝑝𝑒𝑟𝑒 = 4 3 𝜋(3𝑅) 3 𝑆 𝑠𝑝ℎ𝑒𝑟𝑒 = 4𝜋(3𝑅) 2
Then, the equivalent pores quantity is calculated by dividing the actual total volume by the volume of one pore. Knowing that these spherical pores are fake, both their size and number are wrong too, but the ratio R only increases with the size of actual throats and of hypothetical spheres. In consequence, the pore size distribution is still proportionally right.

Previous studies have given a relationship between mercury pressure and pore size, so even if MIPs test does not have experimental information about intruded throat surface, it finally associates pressure with pore size and volume intruded. However, using this preexisting pressure/pore-size relationship, MIPs test considers that the actual throat size is decreasing with its length, while this is not completely true.

Moreover, this test tends to reduce the porosity because the mercury only intrudes connected throats. Because of the high pressures, the mercury also breaks some concrete connections, so a few individual pores are actually included in the results which are so between connected porosity and total porosity. So, according to R. Cook and C. Hover, the first MIPs results peak corresponds to connected capillary throats, and the second one, with smaller pores, corresponds to the broken discontinuous pore network.

Obviously, this test affects the original concrete structure, but this and pore diameter equivalence are not big issues, because considering again R. Cook and C. Hover studies, results of replicate tests are quite similar. So if all samples are tested in the same conditions, it is possible to compare the results.

SUMMARY

As a conclusion of this Chapter, it could be reminded that the compressive strength depends on the curing temperature : higher temperatures accelerate the hydration of concrete materials, and especially of FA and GGBS. In consequence, the early age concrete microstructure is thinner, but it cannot be ensured that the final one is.

Then, even if there is not one good technique to assure the concrete microstructure, it is relevant to use both MIPs and X-ray tomography to estimate the concrete porosity. As for it, the carbonation test is a great indicator to highlight the presence of calcium hydroxide.

RESEARCH METHODOLOGY

Firstly, this study aims to characterize the link between the curing temperature and the microstructure of low carbon concretes. Thus, two curing regimes were studied : one with a curing temperature of 20 °C, and the other with a curing temperature of 50 °C. Samples cured at 20 °C had been cast, and some tests had been already conducted before the microstructural part began.

Then, the microstructural characterization of low carbon concretes follows the global process of the project. Consequently, all materials and characterization methods were chosen by Prof. Jones and M. Jozwik, the project leader and his PhD student, in continuity with the work they already did. However, the manufacturing of concrete and the carrying out of the tests' protocols were executed by M. Jozwik and the author as equal partners.

MATERIALS

Raw materials

Low carbon concretes are made diluting Portland cement with FA, GGBS and LS. The study focuses on four cements mixes which have less and less PC (Table 3.1). It should be noted that samples cured at 20 °C for 90 days and the ones cured at 50 °C for a shorter period were made with different PC. Indeed, the first Portland cement is a rapid cement which cures faster than the second one. Concerning the aggregates, they are composed of sand, 4 -10 mm stones, and 10 -20 mm stones. Finally, a superplasticizer was added to the water in order to reduce the use of water. As mentioned earlier, the concrete strength is function of w/c ratio. Keeping in mind that for industries, the most important is the concrete strength, and not its w/c ratio, the project has been conducted following a strength normalization theory. Thus, three w/c ratios were used : 0.4, 0.5, 0.6.

3.1.2.

Specimens' preparation There were three types of samples casted for each concrete mix : prisms, cylinders end cubes. Their dimensions and use are detailed below :

-prisms with 100 mm width, 100 mm height and 500 mm length were used to measure the accelerated carbonation ; -cylinders with 100 mm diameter and 200 mm height were used to measure the chloride migration in concrete ; -cubes with 100 mm weight were used in all the other tests which are presented in the next part.

In order to cast these samples, aggregates are put in the cement mixer from the bigger particles to the smaller ones : 10 -20 mm aggregates, 4 -10 mm aggregates, sand. After 30 seconds mixing them, half of the water was added, and aggregates were mixed another 60 seconds before to be left to stand for 8 minutes. Then, cement materials were also put in the cement mix to be mixed, and finally, the second half of water with superplasticizer was added and mix. After the end of the mixing process, the concrete blend was put in molds on a vibrating table. Thus, excess air bubbles were surfacing, and concrete properties weren't affected by them.

Curing regimes

After being casted, the samples were covered with cellophane to keep a high humidity rate and stayed in their moulds for 24 hours in an ambient temperature room. Then they were demoulded and put in a 20 °C water tank for another 48 hours. The next curing days depended on the concrete groups. Each concrete type was divided in two groups : the standard one and the heat accelerated one. All samples which belonged to the standard group stayed in the 20 °C water tank as long as they had to cure. Samples which belonged to the heat accelerated group were transferred in a 50 °C water tank.

Several curing periods were studied in order to compare standard group samples and heat accelerated group samples. Standard group is tested at 2 days, 28 days and 90 days. The heat accelerated group is supposed to reach quicker the same strength resistance than the standard group, and the Weaver-Sadgrove equation gives an equivalent age between 20 °C and 50 °C. 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡

CHARACTERIZATION METHODS

All tests were conducted in order to make a link between the concrete strength, its carbonation, and its curing regime. This relation is useful to know how representative to standard concrete is the 50 °C curing regime.

As concrete is an irregular and amorphous material, it is very hard to characterize. Thus, only the study and confrontation of several tests can approach a realistic characterization. That is why a large number of tests with less results per test was preferred to few tests with a large number of samples.

Mechanical properties : compressive strength

Compressive tests were conducted at different cured age on two 100 mm cubes for each concrete type (Figure 3.1). A strength of 7000 kN/s was applied to the cubes until they reached their best compressive strength. Moreover, the strength was applied to cubes' lateral sides. Thereby, the compressive surface was sure to be flat and to not disturb the results. 

Microstructural properties

Resistivity

This test is conduction according to EN 12390-19. Wet cubes were disposed on an insulating sheet and their resistances were measured with an ohmmeter. Salted water soaked sponges were put on the ohmmeter's stakes. Then, these ones were positioned in the middle of two opposite cube sides. Two electrical resistances were measured for each cube : one per pair of opposite sides. The electrical resistance is measured in kΩ, but the exploitation of results will be in Ω.m in order to compare more easily with previous tests made on 90 days samples, without having to worry about samples' sizes.

X-Ray scan

Before to be crashed for the compressive strength test, all cubes were scanned with an X-ray scanner. The main goal of this characterization methods is to determine the porosity of concrete.

Carbonation

The determination of the carbonation resistance of concrete thanks to accelerated carbonation was based on the testing protocol EN 12390-12. The standard cured group and the heat accelerated one were fitted to the normalized test.

Two concrete prisms were cast for each cement type and cured until they reach their maturity. Considering that the maturity of low carbon concrete is reached at 90 days for the standard-cured group, and at 12 days for the heat-accelerated one, samples were cured either 90 days in 20 °C water tank or 12 days in 50 °C water tank. Once they achieved their maturity, they had been drying during two weeks in ambient air before to be prepared for the accelerated carbonation process : two opposite sides of each prism were waxed, and the samples were placed in a storage tank with a 3% CO2 concentration. From this date, the carbonation was measured at 7 days, 28 days and 70 days by cutting 50 mm prism's slices and spraying them with a indicating solution of phenolphthalein diluted in alcohol (Figure 3.2).

Figure 3.2 Accelerated carbonated prisms slices few minutes after they were exposed to the phenolphthalein solution

After 45 minutes, the carbonation depth was measured at 6 points on each two carbonated sides of each prism slice. Thus, the concrete carbonation depth of a cement type for an exposure time is the mean of the 24 points measured in the four sides of the two slides of the concrete type.

Chloride migration

Chloride migration of concrete is measured on the most common way, quantifying the penetration of chlorides into the concrete from its surface. Usually, this test is used to evaluate concrete resistance to corrosion due to chloride migration. This is particularly discerning for offshore, coastal or road structures which are exposed to marine or de-icing salt. Nevertheless, chloride migration is linked with the porosity of concrete. Thus, this test is another way to evaluate concrete porosity and how carbon dioxide particles are able to penetrate the samples.

According to NT BUILD 492, this test is conducting cutting a 50 mm weight discs from each cement type cylinder after 12 days curing at 50 °C. Slides were dried for 4 hours in a saturated jar, then, using the vacuum, they were immersed in a solution saturated with calcium hydroxide (Figure 3.3).

Figure 3.3 Using the vacuum to immerse samples in a solution saturated with calcium hydroxide

After around 20 hours, both slices were put in rubber sleeves and then in a tank. Their upper side is exposed to an 1.2% NaOH anolyte solution, and the other one to a 10% NaCl catholyte solution. After turning on the generator, the voltage and the test duration were adjusted following the Appendix 2 (Figure 3.4).

Carbonation depth

x, mm 

Scanning electro-microscopy

The SEM tests were conducted in order to have qualifying pictures of the different cement types.

After being used for the compressive strength test, the cubes were broken in two parts following the compressive strength cracks, and dried for 24 hours in 50 °C ovens. After one day drying, small cement paste pieces were taken from the middle of samples, and then prepared for the SEM test : samples need to have a conductive surface, so the pieces were coated with a conductive metal before to be scanned (Figure 3.

6).

Scanning electro-microscopy can be done with several magnification levels. The lowest magnification value suitable to characterize the cement microstructure is 1000×. As a consequence, tests were conducted at 1000×, 3000×, 5000× and 10000× magnification for three pieces of each concrete type. 

Chloride depth x, mm

Mercury intrusion porosimetry

The MIPs test determines the volume of mercury injected and the pressure on the capillary pores. Using a preexisting relationship between pores size and pressure of mercury injection, the MIPs test quantifies pores quantity and size of small concrete pieces taken from center of crashed cubes to avoid any side effect (Figure 3.7).

Figure 3.7 Small concrete pieces taken from centre of crashed cubes for MIPs test

This test is widely recognized on CEM I which is made with PC, but it is more controversial on concrete made with other cementitious materials, in particular with FA. Indeed, the capillary pore shape is a function of w/c ratio, so the capillary throats of both PC and FA concrete samples are equivalent. However, FA reaction products are disrupted by the mercury intrusion. Consequently, MIPs' results can be similar for PC and FA concretes while carbonation or chloride migration tests give better results for FA cement because its diffusion coefficient is lower.

(a) (b) (c)
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X-ray diffraction

The XRD test is a quantitative analysis of cement paste which allows to confirm the SEM analysis determining chemical composition of the samples. A ray is thrown on the sample, and the reflection intensity is picked up to identify chemical phases.

To prepare the sample, small pieces were crushed during 15 to 20 minutes until all their components, cement and sand, become a fine powder (Figure 3.8). Then, this powder is put on a plate. Its surface must be absolutely flat, otherwise the ray reflection would be disrupted. 

RESULTS

Both standard curing regime results and accelerated one are presented in this chapter. However, all tests on standard group were collected by M. Jozwik from the end of 2021 until the beginning of 2022, and the author only participated to collect the ones on accelerated group. But in any case, the choices of results presentations were made by the author on her own in order to highlight specific behaviours or facts.

CUBE COMPRESSIVE STRENGTH

The compressive strength behaviour is similar between the two curing regimes : the lower the w/c ratio the greater the strength, and the curves follow the same shape. The only noteworthy point at this stage is that the heat-cured samples do not reach the standard compressive strength at the expected time ( 

RESISTIVITY

The resistivity test of the heat-cured group shows three distinguished behaviours, correlated to the three w/c ratios (Figure 4.3). After two curing days, the electrical resistance is contained between 4000 Ω.m and 8000 Ω.m, lower for a 0.6 w/c ratio, and higher for a 0.4 w/c ratio. Then, the gap widens until the concrete reaches its strength's maturity at 12 days. Finally, resistances converge around 5500 Ω.m at 29 days.

Another notable phenomenon is the curves' shapes. While the electrical resistance of concretes casted with a w/c ratio of 0.5 and 0.6 increases before to decrease, the one of concrete with a w/c ratio of 0.4 directly decreases to its final value which is reached quickly, around the concrete strength maturity period.

Figure 4.3 Resistivity after a curing period of 12 days at 50 °C

Results of standard group are less complete and some figures seem out of the order of magnitude, so these results are presented in the table below (Table 4.1) instead of a graph. 

X-RAY SCAN

The X-ray scan test was supposed to bring information about the porosity of the different concrete mixes, but the capillary pores were too small to be identified with this scan. In consequence, results cannot be presented in this chapter. New tests should be conducted after studying in a more precise way this test, its advantages, and drawbacks, after redefining the project needs regarding the other test's results, and finally after recasting samples if necessary.

CARBONATION

The shapes of the carbonation depth curves are almost the same between the two curing regimes, but the depth is higher at 50 °C ( 

CHLORIDE MIGRATION

The chloride migration increases with the w/c ratio, in particular above an w/c ratio of 0.45 (Figure 4.6). One measure is missing for CEM VI / S-V, so only a linear function has been plotted between the two known measures. Nevertheless, considering the other curves and both first and final points of CEM VI / S-V cement type, it is possible to think about a middle point slightly below the dotted line. 

SCANNING ELECTRO-MICROSCOPY

Here follow different pictures obtained conducting the SEM test. The 3000× magnification allows to make a qualitative analysis of the concrete, and the 10000× ones zoom in on specific areas to identify concrete's phases and chemical bonds with more assurance.

Some morphologies are characteristic of precise components (Table 4.2) : w/c ratio : 0.6 Only the standard group is available for 0.6 w/c ratio, but according to this picture (Figure 4.11), 0.5 and 0.6 w/c ratios are quite similar. 

C-S-H, gypsum

C-S-H C-S-H

w/c ratio : 0.5 

C-S-H, gypsum

General observations for CEM II / C-M

w/c ratio : 0.4 Some needles and 2 μm pores are present at 20 °C with a 0.4 w/c ratio (Figure 4.13). The needles and the granular morphology seem to be C-S-H. This is globally similar with the heat-cured group although any specific morphologies are not clearly recognizable in the 0.4 w/c ratio group cured at 50 °C (Figure 4.12). But even without obvious component, this sample seems denser than the one of the 0.6 w/c ratio group cured at the same temperature (Figure 4.16).

w/c ratio : 0.5 A lot of amorphous glassy structures are visible at 50 °C with a 0.5 w/c ratio and could be GGBS particles ( w/c ratio : 0.6 Actually, particles with a 0.6 w/c ratio look porous, whatever their curing regime. The only difference noticeable is the presence of thin needles at 20 °C (Figure 4.17). As for CEM II / B-V, these needles could be either C-S-H or gypsum, and even if these morphologies are more obvious in this 20 °C image, they are presumably present in all pieces of concrete.

CEM VI / S-L

w/c ratio : 0.4 w/c ratio : 0.5 There is a clearer sign of GGBS presence with a w/c ratio of 0.5 where more glassy structures are visible, particularly at 50 °C (Figure 4.20). On the other way, granular morphologies seem more numerous at 20 °C, and the throats seem bigger (Figure 4.21). In spite of these small differences, the two curing regimes are again very similar.

w/c ratio : 0.6

The GGBS glassy structures are still present both in standard and heat accelerating group (Figure 4.22, Figure 4.23). In addition, a few crystalline morphologies synonymous with non-reacted mix components are visible in 20 °C concrete pieces.

CEM VI / S-V

w/c ratio : 0.4 w/c ratio : 0.5 These samples are very similar to the ones with 0.4 w/c ratio. In addition to thin needles, fine foils also remind the presence of C-S-H, especially at 50 °C (Figure 4.26). Some GGBS glassy structures are visible too. It should also be noted that there are some reacted FA prints in both curing regimes, but a few spheres are still present at 20 °C (Figure 4.27).

w/c ratio : 0.6

The samples cured at 50 °C have few GGBS particles, but no more obvious morphologies are present (Figure 4.28). On the opposite, at 20 °C, there still are FA particles (Figure 4.29). There are also some needles or crystal structures which in the first approach could be C-S-H or gypsum.

MERCURY INTRUSION POROSIMETRY

Graphs obtained with MIPs establish relations between the pore diameters and the volume of mercury introduced into pieces of concrete. Data are normalized for 1 gram of concrete.

According to the literature, the total volume of pores is more representative than their quantity. Indeed, as it is explained in the next chapter, porosity distribution of concrete highlights the presence of several microstructural pore classes. As long as pores' data are processed considering their class, it is more discerning to know the volume of porosity than the number of pores because a lot of small pores can have a smaller impact than a few bigger, depending on their total volume. Thus, all results are given and then analysed in terms of volume.

All concrete mixes seem to follow the same logarithmic linear distribution of pore quantity regarding pore size (Figure 4.30, Figure 4.31).

Even if the volume intruded for each pore size is different between the cement types, its distribution is quite similar for a same w/c ratio (Figure 4.32, Figure 4.

33).

They all present two peaks which are the ones the study is interested about because they correspond to the capillary pores. The next Chapter is more detailed about this concern.

It is worth remembering that the volume intruded in MIPs test is only the effective volume of pores which interconnect thanks to throats. So the porosity calculated in the analysis is lower than the total porosity. These results seem to highlight the presence of a higher small pore volume at 20 °C, and especially for CEM II / B-V which is the FA mix. Moreover, the cumulative pore volume also seems to be higher for pores smaller than 0.1 µm.

X-RAY DIFFRACTION

As expected, the main pic of all mixes represents quartz, the most common materials in concrete mortar made with sand. Otherwise, portlandite and gypsum tags are used to estimate respectively the degree of hydration of the concrete and how much PC used in the 20 °C group is a rapid cement.

It should be noted that these tags intensities are not representative of any actual component quantity. By the way, this test is more qualitative than quantitative. Concerning the presence of gypsum, even if the standard group was made with a rapid cement, there is no such big difference between samples cured at 20 °C and the ones cured at 50 °C (Figure 4.34 and 

ANALYSIS AND DISCUSSION

All results are analyzed by the author. As a consequence, all schemes and graphs are personal, and their final interpretation too.

The author chose to begin this Chapter comparing the compressive strength of samples cure at 20 °C and the ones cure at 50 °C. The aim of this first part is to confront the heat acceleration curing method which is based on the Weaver-Sadgrove equation and to check the consistency of all test results.

Once the method is validated, microstructural properties can be compared as are to understand how evolves the concrete microstructure face to high temperature curing.

Finally, a strength normalization is required to ensure that concrete with higher strength have also a good durability, and to understand which factors are at the origin of this phenomenon.

COMPRESSIVE STRENGTH : STANDARD AND HEAT ACCELERATED GROUPS

Following graphs show both standard group and heat accelerated one (Figure 5.1). Scales are adapted using the Weaver-Sadgrove equation in order to compare concrete properties at theorical strength equivalence age. Remembering that during the three first days after casting, both groups are cured in the same way, the scales must have a common point at three days, that is why the heat accelerating scale begins with negative figures.

According to the results of compressive strength tests, some of the heat accelerating samples never reach the strength of the standard cure group. Knowing that different PC were used to mix concrete, this difference cannot really be quantified and interpreted. However, curves' shapes are similar, and the w/c ratio also impacts the strength on a same way. Thus, increasing the curing temperature does seem to reach strength maturity faster.

Secondly, and as expected, an increase of w/c ratio decreases the compressive strength for both standard and heat accelerated group. 

POROSITY AND MICROSTRUCTURE

Mercury intrusion porosimetry

MIPs is a powerful test essential for the microstructural analysis because it is the best way to actually quantify the porosity of concrete. However, it is a destructive test because mercury is injected with very high-pressure, so all results must be considered cautiously.

Firstly, as expected, curves' shapes are similar for cement types which have the same w/c ratio.

MIPs results give an amount of volume intruded for each pore size. However, it is more interesting to compare the proportion of capillary pores to the total amount of pores to understand how the pore distribution of each cement type is. So the actual interesting data is the porosity, i.e. the proportion of pore volume compared to the total sample volume. But it must be kept in mind that this porosity only represents the effective porosity, so the total one is certainly higher. This is not serious to analyse all MIPs data with this approximative error because the criteria are the same between the different cement types, but that could create a bias in how several tests are compared.

Considering that this test is done with a part of concrete without aggregates, the mortar volume mass is the one interesting for this part. Let's admit than this mass is 2162 kg/m 3 .

𝑀 𝑚𝑜𝑟𝑡𝑎𝑟 [𝑔/𝑚𝐿] = 10 -3 × 𝑀 𝑚𝑜𝑟𝑡𝑎𝑟 [𝑘𝑔/𝑚 3 ] 𝑉 𝑚𝑜𝑟𝑡𝑎𝑟/𝑔 = 1 𝑀 𝑚𝑜𝑟𝑡𝑎𝑟 [𝑚𝐿/𝑔] 𝑃 𝑝𝑜𝑟𝑒𝑠_𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑉 𝑝𝑜𝑟𝑒𝑠/𝑔 𝑉 𝑝𝑜𝑟𝑒𝑠/𝑔 + 𝑉 𝑚𝑜𝑟𝑡𝑎𝑟/𝑔 𝑃 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦_𝑝𝑜𝑟𝑒𝑠_𝑣𝑜𝑙𝑢𝑚𝑒 =
𝑉 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦_𝑝𝑜𝑟𝑒𝑠/𝑔 𝑉 𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦_𝑝𝑜𝑟𝑒𝑠/𝑔 + 𝑉 𝑚𝑜𝑟𝑡𝑎𝑟/𝑔 As shown on MIPs graphs, concrete is a porous system, but all pores are not representative of the concrete hydration. Indeed, the smallest pores, called gel pores, are considered as being part of the cement paste. Their quantity does not depend on concrete mix proportions. On the opposite, capillary pores are affected by concrete materials or w/c ratio. Gel pore size is around 2 -3 nm, and capillary pores are between 10 and 100 times larger. As a consequence, interested pores have a size contained between 0.2 μm and 3 μm. What is more, pores above 1 μm cannot be considered as a part of the concrete pore system. Nevertheless, the borders between these pores categories are fine. According to Figure 4.32 and Figure 4.33, the pore distribution seems different between 0.01 μm and 5 μm. The lower bound is around one magnitude lower than the expected size. Thus, the pic between 0.01 μm and 0.1 μm might be considered as gel pores too. To avoid any wrong analysis, it is chosen to compare [0.01 ; 5] μm and [0.1 ; 5] μm.

Heat accelerated group

(a) (b) 5] µm the pores represent the biggest volumes. Despite these greater volumes per pore size, the test accuracy is lower in this interval. So it does not mean that there is less size variety, but the test is not enough precise in this scale to have more details. Nevertheless, the interesting figures are actually the porosity, so the total volume of capillary pores, regardless of their size.

As the capillary porosity only increases in Otherwise, whether considering the curves' shapes or their numerical values, heating concrete does not affect the porosity in a significant way (Figure 5.6). Moreover, it must be remembered that the proportion of PC varies between the mixes, so it cannot be expected to have the same amount of portlandite counts in the different cement types. That is why after an actual microstructure behaviour analysis, the XRD results are proportionally modified to represent the same initial quantity of PC and to compare the speed of PC hydration.

X-ray diffraction

There are two ways to compare XRD results. Firstly, with a heat comparison, and secondly with a cement type comparison. On the one hand, the heat comparison can be done thanks to the actual data because the different mixes are not compared in term of figures. On the other hand, the cement type comparison must be conducted through the two analyses previously presented. Whatever the way of interpretation, these analyses are not quantitative, but they still allow to qualify how important is the main components presence.

Comparison of the microstructure behaviour

Based on the heat analysis of portlandite, the heat cured samples are used to have more portlandite than the standard group, except for CEM II / B-V and one of the CEM II / C-M, which have more In the same way, compared to other cement types, portlandite is hugely present in CEM II / B-V at 20 °C, for both 0.4 and 0.6 w/c ratio, but not at 50 °C. However, remembering the results of the compressive strength, the portlandite is not a good indicator of concrete strength. That means that regarding to the impact of alternative PC cement materials, the PC hydration products are not any more the main source of concrete strength. 

Comparison of the speed of PC hydration

According to the proportionally modified results, there is globally more portlandite at 50 °C (Figure 5.8). So as portlandite is a PC hydration product, this might be a sign of a more advanced hydration after 12 days curing at 50 °C. So knowing that the PC used for the standard group is a rapid cement, the heat accelerated group can have at the same time a smaller compressive strength and a higher hydration level. The other data are too similar, and the XRD test is too rough to highlight enough significant differences and to be compared with other tests' results. Nevertheless, trying to ignore the 20 °C measurements which seem wrong, the resistivity of the standard group increases with time such as the compressive strength (Figure 5.1). This behaviour is coherent : hydration products create more cohesion between concrete molecules, and porosity decreases. Thereby, concrete strength increases, and electricity current has a hard time going through the concrete.

On the other hand, 50 °C behavior does not follow the same process : resistivity stops increasing at 12 days, which is around the experimental strength maturity. Because all curves are functions of the w/c ratio, the experimental error is almost implausible. So, two theories can explain a such phenomenon. The first one is a more porous concrete, but this is not fair with the strength behaviour and the hydration process. The second one is a more ionic material. As the samples are cured in water, this second option is more reliable. The resistivity of heat accelerated group is higher than the standard group during the 12 first days because strength maturity is reached faster, hence the porosity is lower. However, once the strength maturity is reached, 50 °C water continues to penetrate samples, making them more conductive. Knowing that water is more conductive a high temperature, final resistivity of heat accelerated group is lower than the standard group's one. It would be interesting to take some measures of standard concrete after its compressive strength pic to quantify how 20 °C water influences resistivity. Whatever, as long as other tests are not conducted, the first conclusion is that heating curing does not affect in a strange way the concrete resistivity, and there is technically and environmentally no need to cure concrete after its strength maturity. Finally, the analysis of 50 °C resistivity controlled by w/c ratio shows two distinct behaviours (Figure 5.10). Concrete porosity increases with w/c ratio, so the resistivity should decrease. But because of water conductivity, resistivity could also increase with w/c ratio. That is why during the first days of the curing period, resistivity is controlled by the porosity, i.e. the w/c ratio, and as the compressive strength, the higher the w/c ratio the lower the resistivity. At the end of the curing period, the resistivity is controlled by the intrusion of water, so the w/c ratio is not decisive anymore. On the intervening period, the different behaviour at the strength maturity time proves that a change appears at this moment, when porosity stop changing. So before to have more experiments, it can be considered that w/c ratio controls the resistivity before the concrete strength maturity, and curing water controls the resistivity after this point. Firstly, the diffusivity coefficient increases with the w/c ratio : the higher the porosity, the easier the chloride migration (Figure 5.11). This is fair with MIPs and compressive strength results, so according to a qualitative analysis, the chloride migration behaviour of heat accelerating group is not odd. Secondly, based on chloride depth and on the only three-point diffusivity coefficient curve, high w/c ratios have a greater impact on the chloride migration (Figure 5.12). As the carbon diffusion, the chloride migration is kind of representative of the concrete effective porosity. Additional water present in samples made with a higher w/c ratio makes easier the creation of capillary throats. So even if the compressive strength does not decrease more once past a given w/c ratio, it does not mean that these results are conflicting, because this test does not give any information on isolated pores, so on the total porosity. 5.1), it can be noted that any samples of both 0.5 and 0.6 w/c ratios have not already reached their strength maturity. So, they both keep hydrating, but the ones cured at 50 °C have always less C-H and C-S-H than the ones cured at 20 °C. Thus, they are always carbonated faster, and the ratio a/b increases. But that is not true for the 0.4 w/c ratio. Knowing that the carbonation speed is stable for the 20 °C group, as for the other w/c ratios, the explanation should come from the 50 °C group. Its maximal strength is achieved so most of the FA and GGBS have already reacted with C-H and C-S-H, and the carbonation process is finally slowed by the throats sizes which decrease because of the carbonation.

Finally, while at higher w/c ratios, the carbonation of the heat accelerated group increases faster than the one of the standard group (Surprisingly, CEM II / B-V is not more carbonated than other cement types, while it is known that because FA reacts with Ca(OH)2, less CO2 is necessary to transform all Ca(CO)2 in CaCO3 in concrete, and so according to the phenolphthalein test, they carbonate faster than free FA ones. Remembering that the depth of carbonation of GGBS poorly cured samples can be very high, it can be thought that the other samples are not enough cured, and that would be why CEM II / B-V does not have the highest results.

Table 5.2), both carbonation depths are more similar than with a lower w/c ratio (Table 5.1). Knowing that the porosity increases with the w/c ratio, the MIPs test is the most relevant test to try to understand the phenomenon. The MIPs results do not show more differences between samples cured at 20 °C and 50 °C when increasing w/c ratio. However, pores are also more linked with the increase of the w/c ratio. Keeping in mind that MIPs test is a destructive test, these solid links are all destructed, whatever the w/c ratio. So, destruction at lower w/c ratio erases more differences because there are more links. This is confirmed by Figure 5.6 : when only le first peak is considered (Figure 5.6.a) the main links are not broken yet, and so less differences appear between samples cued at 20 °C and 50 °C.

STRENGTH NORMALISATION ANALYSIS

Nevertheless, this first way of analysis cannot be completely right because the two groups were not made with the same PC. So results cannot be the same, and it is obvious as soon as strength data are compared. Even if the strength normalization does not solve all the issues concerning these different PC, it allows anyway to have more comparable results.

In order to analyse the results with a strength normalization, an optimal w/c ratio is determined for each concrete. This w/c ratio is the ones which allow concrete to reach a same strength. This strength must be representative of all the concretes studied, so it is an approximative mean of all individual strengths at a precise date (Figure 5.13). In this case, the reference of 45 MPa is chosen because it is the only compressive strength which crosses all the curves between 0.4 and 0.6 w/c ratios. As explained previously, heat accelerated cured samples do not reach the standard ones' strength at 12 days. Consequently, it could be better to proceed to the strength normalization analysis with data collected from 29 days heat cured samples and 90 days standard cured ones. However, both chloride migration and carbonation test were only done at 12 days. Considering the following results and the relative error between samples cured 12 days and 29 days, using the 12-day ones is not an issue ( Table 5.3). Thus, analyses are more relevant using the 12 days strength w/c normalized ratio. Knowing that data are experimental, a too high accuracy with the w/c ratios would overanalyse the results. Thus, selected w/c ratios only have two significant figures. The results are firstly presented through graphs in order to make the strength normalization process clearer, and they are discussed in second part.

Heat accelerated group

Firstly, even if the 12-day resistivity has an odd behaviour because it is a turning point in the concrete curing (Figure 5.14), strength normalization of 12-day and 29-day resistivities gives quite the same results. In consequence, it is chosen to keep the first one because in the absence of 20 °C results after 90 days, it should be considered that the 90-day resistivity at 20 °C is also a turning point so it is preferable to study more identical situations as possible. Secondly, the porosity is studied considering the [0.01 -5] µm capillary pores, because reminding the research of A.M. Neville, this range does not only consider the linked pores, so it is closer to the actual capillary porosity. It should only be remembered that the results of mixes containing FA might be overestimated, but this does not seem to impact the strength normalization analysis because the interesting point has already a low value. Then, the strength normalization results depend on the period of accelerated carbonation. In a durability spirit, it is more interesting to study the long-term depth of carbonation. That is why this analysis is focusing on 70-day carbonation (Figure 5.16). Finally, the strength normalization of the chloride test is presented below through the diffusivity coefficient (Figure 5.17), which is the more representative because it cancels the experimental biases due to the different applied voltages. 5.2.5. Standard group Firstly, the resistivity strength normalization of CEM II/ C-M and CEM VI / S-V is not right. It is an approximation based on the resistivity shape of the heat cured group : while CEM II / B-V seems to be already in the next phase, the three other mixes look to be changing stage (Figure 5.14). So the higher resistivity is at w/c 0.5, and they probably all have similar shapes, following the one of CEM VI / S-L (Figure 5.18). 5.2.6. Summary Finally, the graphs below resume all strength normalization project results (Figure 5.21). Because FA reacts faster with high temperatures, this explains the behaviour of CEM II / B-V and CEM VI / S-V. On the one hand, FA reacting products are present on pore surface, so porosity and inverse of resistivity are lower at 50 °C than at 20 °C. On the other hand, FA already reacted with Ca(CO)2 so carbonation seems quicker at 50 °C compared to others cement types. Except these behaviours, the data are quite similar between the heat accelerated group and the standard group. Thereby, looking at the relative error of 50 °C results compared to 20 °C ones, most of the results have a relative error inferior or around 10%, so they do not show a real impact of the heat activation curing (Table 5.4). The higher figures for CEM II / B-V are comprehensive because of the quick FA reaction, and so they are acceptable. Remembering some odd figures of 20 °C resistivity, the great difference of CEM VI / S-L resistivity results can be due to an unsuccessful test. Actually, the major concern is the carbonation of CEM II / B-V which is badly impacted by the heat activation. But taken as a whole, the strength normalization allows to minimize previous analyses which could have seem unfavourable for the heat activation process while the cement types studied are actually able to be as strength as the standard cured ones without having a worst durability, as well as they are made with an appropriate w/c ratio. 

CEM II / B-V CEM II / C-M CEM VI / S-L CEMM VI / S-V w/c ratio

CONCLUSION

The lack of Portland cement in low carbon mixes slows the curing period, and these more environmentally friendly concretes reach their strength maturity after 29 days. Currently, structures built with such concrete are outsize in order to validate standards within the allowed time. A way to speed up the strength maturity is to cure precast concrete at high temperature. However, as the strength maturity is reached, concrete microstructure is modifying by the heat treatment. Knowing that the carbonation process is one of the factors increasing the compressive strength of concrete, we wonder to what extent high curing temperature influences the durability of concrete. This issue is as important as carbonation damages steel reinforcement, which are essential in most concrete structures, especially they operate in tension. Consequently, the study aims to study the microstructure of concrete to understand how elevated temperatures affect its strength.

By the light of the above study, the following conclusions are drawn :

1. the heat cured samples reach their maturity before the Weaver-Sadgrove equation prediction, but these maturities are still lower than the ones of the standard cured group which is made with a rapid PC ; 2. the comparison between the standard group and the heat accelerated one is hard when comparing the concretes properties at equal w/c ratio, because the tests are usually conflicting ; 3. comparing at an equal w/c ratio gives some very poor results, while they are better using the strength normalization method ; 4. the fast reaction of FA at high temperatures disrupts the MIPs test, but a major part of these test results was still right. And while this fast reaction should have given the highest test carbonation results, it did not, so this can reveal a poor cured GGBS 5. the carbonation of concrete cured at high temperatures is the main concern of this study. In all cases it is higher than the standard group, but this behaviour does not have any clear explanation ; 6. nevertheless, the carbonation of the standard group seems less better after a long time period, finally reaching the one of the heat accelerating group ; 7. otherwise, at an equal strength, the tests conducted on the two groups of concrete do not reveal a concerning microstructure change between both groups, and their durability is also similar.

Considering these results, more studies must be conducted to improve our knowledge on the carbonation process and understand how a heating curing increases this phenomenon. Knowing this is the only way to finally determine if slowly reacting cements such as low carbon concrete studied in this report can be used by industries thanks to heat activation. The next studies should also be conducted on concretes made with the same PC and on longer periods in order to be sure to conduct the tests after reaching the maturity and to validate the conclusions of this current study. Finally, on the assumption that the heat activation increases the hydration of concrete without reducing its mature strength and its durability, different temperatures could be studied, and the carbon footprint of the process must be calculated in order to avoid a misuse of this technique.
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 11 Figure 1.1 Mass proportions of the three concrete's constituentsNevertheless, cement can be considered as the most polluting material used in concrete, because its manufacture produces greenhouse gas emissions in two main ways : heating for the chemical reaction, and the chemical reaction which releases CO2. In all, each kilogram of concrete produces 0.86 kg of carbon dioxide. Therefore, PC production is responsible for around 90% of concrete production CO2 emissions, and for 8% of global CO2 emissions (Figure1.2).
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 12 Figure 1.2 Distribution of embodied carbon in a typical structural concrete (RC25/30), lifecycle assessment stages A1 to A3 (A. Mullholland et al., 2022)
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 13 Figure 1.3 Footprint of the different cement type considering their clinker rate(Data from F.Dubois, 2022) 
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 14 Figure 1.4 Theorical passive carbonation for typical concrete in a building, based on model estimating CO2 uptake over time (ICE Low Carbon Concrete Group., 2022)
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 15 Figure 1.5 Normalisation procedure ; a) shows determination of exact cement content to achieve a standard compressive strength of 42.5 MPa at 28 days. b) determination of normalised carbonation depths (M. Jozwik, 2021)
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 22 Figure 2.2 CH and CaCO3 contents determined from TGA data for 72-hour cured (a) and 28-day cured (b) w/c = 0.57, and 72hour cured (c) and 28-day cured (d) w/c = 0.40 systems following exposure to ambient CO2 for up to 7 days (J. Herterich et al., 2022)
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 23 Figure 2.3 Relative change in solid volume of hydration products on exposure to carbon dioxide (V.[START_REF] Shah | Changes in microstructure characteristics of cement paste on carbonation[END_REF] 

2. 4

 4 . CURING REGIMES 2.4.1. Compressive strength On the one hand, the compressive strength depends on the curing temperature because elevated temperatures change the concrete development accelerating its hydration. As a consequence, P. Shen et al. studied Ultra-High Performance Concrete, and their work demonstrates that UHPC cured with autoclave at a high temperature of 300 °C is more compact than the one cured in a standard way at 20 °C. Thus, its microstructure is thinner, and the concrete compressive strength is higher. They related this increasing of strength with the decreasing of non-hydrated clinker, and so demonstrated a link between the compressive strength and the formation of hydrate at high temperature. Nevertheless, C. Pichler et al. published a similar study concerning standard concretes and found different results. While the increase of curing temperature increases the early age compressive strength, it decreases the final compressive strength (Figure 2.4).
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 24 Figure 2.4 Strength history for different quasi-isothermal temperature scenario (symbols represent test data, CEM I 425 R based concrete) (C. Pichler et al., 2017)
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 25 Figure 2.5 Segmented aggregate and void phases obtained from (a) X-ray CT, (b) neutron CT, and (c) combined CT (H.T.[START_REF] Kim | Reconstruction of concrete microstructure using complementarity of X-ray and neutron tomography[END_REF] 
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 31 Figure 3.1 Compressive strength test on 100 mm cube sample

Figure 3 . 4

 34 Figure 3.4 Generator installation after adjusting the voltageAt the end of the migration duration, the discs were washed and then axially split. A silver nitrate solution is finally sprayed on this new section, and after 20 minutes, the chloride depth is clearly visible (Figure3.5) and 7 measures are taken for each section, following the Appendix 3.
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 35 Figure 3.5 Chloride depth visible 20 minutes after the spray of the silver nitrate solution
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 36 Figure 3.6 Coating process (a), and pieces of concrete before (b) and after (c) being coated
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 38 Figure 3.8 Powder from crushed pieces of concrete (on the left) and its flat surface for XRD test (on the right)
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 4142 Figure 4.1 Compressive strength after a curing period at 50 °C
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 44 Figure 4.5).
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 4445 Figure 4.4 Carbonation depth of samples cured at 50 °C for 12 days
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 46 Figure 4.6 Chloride migration after a curing period of 12 days at 50 °C
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 44748 Figure 4.7 CEM II / B-V (w/c ratio 0.4) cured at 50 °C : SEM images conducted at (a) 3000×, (b) 10000×
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 49464 Figure 4.9 CEM II / B-V (w/c ratio 0.5) cured at 50 °C : SEM images conducted at (a) 3000×, (b) 10000×
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 62444 Figure 4.12 CEM II / C-M (w/c ratio 0.4) cured at 50 °C : SEM images conducted at (a) 3000×, (b) 10000×
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 44644 Figure 4.14 CEM II / C-M (w/c ratio 0.5) cured at 50 °C : SEM images conducted at (a) 3000×, (b) 10000×
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 4 14). Other thin plates could correspond either to portlandite or non-reacted mis components. Standard cured concrete seems to have much more unreacted components, but the presence of fine foil might be C-S-H hydrates (Figure 4.15).
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 44544644 Figure 4.18 CEM VI / S-L (w/c ratio 0.4) cured at 50 °C : SEM images conducted at (a) 3000×, (b) 10000×
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 44544644 Figure 4.24 CEM VI / S-V (w/c ratio 0.4) cured at 50 °C : SEM images conducted at (a) 3000×, (b) 10000×
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 44 Figure 4.31 Pore quantity function of pore diameter for samples cured at 20 °C for 90 days (unless explicitly specified on graphs) : (a) CEM II / B-V, (b) CEM II / C-M, (c) CEM VI / S-L, (d) CEM VI / S-V
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 4 Figure 4.32 Volume intruded for each pore diameter for sample cured at 50 °C for 12 days : (a) w/c 0.4, (b) w/c 0.5, (c) w/c 0.6
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 4 Figure 4.33 Volume intruded for each pore diameter for sample cured at 20 °C for 90 days (unless explicitly specified on graphs): (a) w/c 0.5, (b) w/c 0.6
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 4 Figure 4.37 XRD results for samples cured for 12 days at 50 °C, w/c 0.6

Figure 4 .

 4 35 ; Figure 4.36 and Figure 4.37). Then an unusual fact concerning portlandite is that both CEM II / B-V cured at 20 °C have 400 counts more compared to the other mixes which are usually around zero count (Figure 4.34, Figure 4.36).
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 51 Figure 5.1 Equivalent compressive strength using the Weaver-Sadgrove equation at (a) w/c 0.4, (b) w/c 0.5, (c) w/c 0.6
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 52535254 Figure 5.2 Capillary porosity compared to effective porosity for capillary pores size (a) [0.01 ; 5] µm, (b) [0.1 ; 5] µm, of sample cured at 50 °C for 12 days (a) (b)
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 53545556 Figure 5.4 Capillary porosity compared to effective porosity for capillary pores size (a) [0.01 ; 5] µm, (b) [0.1 ; 5] µm, of sample cured at 20 °C for 90 days

  Both CEM II / B-V cured at 20 °C have at least 300 or 400 counts more than other XRD results (Figure4.34, Figure4.36). Could not explain this change, these two results are calibrated to have a base around zero count, just like other cement types.

  portlandite at 20 °C, but the difference is twice bigger for CEM II / B-V (Figure5.7). Because portlandite reacts with FA, this is another fact which validates the theory of quick FA reaction at 50 °C.

Figure 5 . 7

 57 Figure 5.7 Portlandite XRD counts for 0.4 and 0.6 w/c ratios

Figure 5 . 8

 58 Figure 5.8 Portlandite proportional XRD counts for 0.4 and 0.6 w/c ratios

  Considering the less of results for the standard group, it is tricky to compare the curing methods (Figure5.9).

Figure 5 . 9

 59 Figure 5.9 Equivalent resistivity using the Weaver-Sadgrove equation

Figure 5 . 10

 510 Figure 5.10 Influence of w/c ratio on 12-day heat accelerated group resistivity 5.2.1. Chloride migration Chloride migration test was only conducted on samples cured for 12 days at 50 °C, so just few comments are pertinent.The depth of chloride migration is useful because curves' shapes are great to understand the phenomenon, but they are not quantitative because each sample had its own applied experiment electrical voltage. H.R. Hamilton used Fick's Second Law of diffusion to identify the diffusivity coefficient with results of this rapid chloride migration test. Hence, analyses of this part are based on both depth of chloride migration and diffusivity coefficient.

Figure 5 . 11

 511 Figure 5.11 Diffusivity coefficient of samples cured for 12 days at 50 °C

Figure 5 . 12

 512 Figure 5.12 Chloride migration depth of samples cured for 12 days at 50 °C

Figure 5 . 13

 513 Figure 5.13 Strength normalization of samples cured at (a) 20 °C for 90 days, (b) 50 °C for 12 days

Figure 5 . 14

 514 Figure 5.14 Strength normalization of resistivity for samples cured at 50 °C for 12 days

Figure 5 . 15

 515 Figure 5.15 Strength normalization of capillary porosity of samples cured at 50 °C for 12 days for capillary pores size [0.01 ; 5] µm

Figure 5 . 16

 516 Figure 5.16 Strength normalization of carbonation depth after 70 days of accelerated carbonation for samples cured at 50 °C for 12 days

Figure 5 . 17

 517 Figure 5.17 Strength normalization of diffusivity coefficient for samples cured at 50 °C for 12 days

Figure 5 . 18

 518 Figure 5.18 Strength normalization of resistivity for samples cured at 20 °C for 90 daysThen, the capillary porosity is presented below in accordance with previous choice made for samples cured at 50 °C (Figure5.15).

Figure 5 . 19

 519 Figure 5.19 Strength normalization of capillary porosity of samples cured at 20 °C for 90 days for capillary pores size [0.01 ; 5] µm

Figure 5 . 20

 520 Figure 5.20 Strength normalization of carbonation depth after 70 days of accelerated carbonation for samples cured at 20 °C for 90 days

Figure 5 . 21

 521 Figure 5.21 Strength normalization results of samples cured at (a) 20 °C for 90 days, (b) 50 °C for 12 days
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	LIST OF ABBREVIATIONS	
	Alphabetical order :	
	Abbreviation	Definition
	CEN	European Committee for Standardization
	C-H	Calcium hydroxide
	C-S-H	Calcium silicate hydrate
	FA	Fly ash
	GGBS	Ground granulated blast furnace slag
	i.e.	That is to say
	LS	Limestone
	MIPs	Mercury intrusion porosimetry
	PC	Portland cement
	PhD	Doctor of philosophy
	SEM	Scanning electro-microscopy
	SF	Silica fume
	UHPC	Ultra-high performance concrete
	w/c	Water to cement
	XRD	X-ray diffraction

Table 1 .1 Products in the family of common cements Cement type Type name Percentage by mass of PC CEM I

 1 

		Portland cement	95%
	CEM II	Portland composite cement	65-94%
	CEM III	Blast furnace cement	5-65%
	CEM IV	Pozzolanic cement	45-90%
	CEM V	Slag-pozzolanic cement	20-64%
	CEM VI	Composite cement	35-50%
	Given that these standards recognize several diluted cements, four normalized concrete types are
	studied in the Low Carbon Concrete Project (	

Table 1 .2). The

 1 aim is to establish a representative scale of the different concretes to compare low carbon concrete with more common concretes.

	Table 1.2 Four types of concrete studied in the Low Carbon Concrete Project
		Type name	Cement type
	Reference Medium carbon	Portland composite cement	CEM II/B-V CEM II/C-M
	Low carbon	Composite cement	CEM VI/S-L CEM VI/SV
	Moreover, the water to cement (w/c) ratio alters the concrete strength in a different way according to
	its composition (Table 1.3). For example, literature expects the mix 70 % PC + 30 % FA to give a superior
	resistance, but tests only validate this fact at 0.5 w/c ratio.	

Table 1 .3 Strength resistance of two concrete types considering their w/c ratio w/c Percentage by mass of the cement mix Strength resistance

 1 

	0.5 0.42	70 % PC + 30 % FA 40 % PC + 40 % FA + 20 % LS	55 MPa 40 MPa 55 MPa
	In consequence, concretes cannot be compared at equal w/c ratio and only a strength normalization
	permits to use the best of each concrete. Previous PhD studies conducted by M. Jozwik show how the
	strength normalization impact other durability tests such as the measurement of the depth of
	carbonation (Figure 1.5). That is why for this project, each cement type was tested with different w/c
	ratios in order to analyze the results in a strength normalization way.	

Table 2 .1 Main cement hydrate products Hydration product name Abbreviation Actual molecule Silicate

 2 

		Calcium Silicate Hydrate	C-S-H	SiO2+CaO
		Calcium Hydroxide	C-H	Ca(OH)2
	Aluminate	-	-	C3A-H

A.M. Neville describes these products as follows :

Table 2 . 2

 22 Measured mean bulk cement paste porosity and measured mean ITZ porosity of the non-carbonated (NC)

microconcretes and the uncarbonated region (UC) and carbonated region (C) in carbonated concretes (J.L.

[START_REF] Branch | The impact of carbonation on bulk and ITZ porosity in microconcrete materials with fly ash replacement[END_REF] 

Considering this fact, all the microstructure tests conducted in the current project must avoid the samples' edges. The tests' protocols are explained in detail in the next Chapter.

Table 3 . 1

 31 Composition of the concrete studied

		PC	FA	GGBS	LS
	CEM II/B-V	70%	30%	
	CEM II/C-M	50%		35%	15%
	CEM VI/S-L	40%		45%	15%
	CEM VI/S-V	40%	20%	

  Given that each sample are cured 3 days in a standard way (24h in the mould and 48h in a 20°C bath), equivalent ages for the heat accelerated group are :In consequence, microstructure tests for heat accelerated group should be made at 2 days, 11 days and 29 days. However, previous project strength tests call into question the Weaver-Sadgrove equation. Indeed, the equivalent age at 50 °C of a sample cured 28 days at 20 °C is 7 days, and the equivalent age at 50 °C of a sample cured 90 days at 20 °C is 13 days. In view of this fact, tests were conducted at 2 days, 12 days and 29 days, with optional tests at 7 days. In fact, three points are enough to interpolate the results and keeping 12 and 29 days rather than 11 and 29 days is a way to challenge again the Weaver-Sadgrove equation and to understand why it does not seem to be exact.

		𝑎𝑔𝑒 𝑎𝑡 20 °𝐶 = ∑ (	𝜃 + 16 36	)	2	𝜃 ∶ 𝑐𝑢𝑟𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [°𝐶] ∆𝑡 𝑤𝑖𝑡ℎ { ∆𝑡 ∶ 𝑐𝑢𝑟𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 𝑎𝑡 𝜃 [𝑑𝑎𝑦]
	Curing period at 50 °C equivalent to 28 days at 20 °C :
	∆𝑡 50 °𝐶 =	28 -3 36 ) 50 + 16 ( 2 = 7,4 𝑑𝑎𝑦𝑠 ⇔ 𝑡 𝑡𝑜𝑡𝑎𝑙,50 °𝐶 = 7,4 + 3 = 10,4 ≈ 11 𝑑𝑎𝑦𝑠
	Curing period at 50 °C equivalent to 90 days at 20 °C :
	∆𝑡 50 °𝐶 =	90 -3 36 ) 50 + 16 ( 2 = 25,9 𝑑𝑎𝑦𝑠 ⇔ 𝑡 𝑡𝑜𝑡𝑎𝑙,50 °𝐶 = 25,9 + 3 = 28,9 ≈ 29 𝑑𝑎𝑦𝑠

Table 4 .1 Resistivity after a curing period at 20 °C w/c ratio Cement type Resistivity for different curing periods [Ω.m]

 4 

		16000						0.4 CEMII/BV
		14000						0.4 CEMII/CM
		12000						0.4 CEMVI/SL
	[Ω.m]	10000						0.4 CEMVI/SV 0.5 CEMII/BV
	Resistivity	6000 8000						0.5 CEMII/CM 0.5 CEMVI/SL 0.5 CEMVI/SV
		4000						0.6 CEMII/CM
		2000						0.6 CEMVI/SL
								0.6 CEMVI/SV
		0					
		0	5	10	15	20	25	30
				Curing period [day]	
					2 days	7 days	28 days	90 days
				CEM II / B-V	3400	-	7067	8600
		0,4		CEM II / C-M CEM VI / S-L	3350 -	1290 -	7167 8950	-8050
				CEM VI / S-V	-	-	7075	-
				CEM II / B-V	-	-	-	8093
		0,5		CEM II / C-M CEM VI / S-L	--	--	7950 1350	10850 12583
				CEM VI / S-V	-	-	1230	11025
				CEM II / B-V	-	1330	-	-
		0,6		CEM II / C-M CEM VI / S-L	5075 4700	-1360	--	--
				CEM VI / S-V	4875	-	-	-

Table 4 . 2

 42 Morphologies of the main concrete components

	Component	Shape	Size
	Non-reacted mix components (LS, sand, stone)	Large crystalline morphologies	-
	C-S-H	Fine foil and granular morphologies Needles	Length : 0.5 -2 μm Width : 0.2 μm
	Portlandite C-H	Thin stacked hexagonal plates	Side : 10 μm Thickness : thin
	Gypsum	Thin hexagonal plates Fine needles/crystals	
	FA	Glassy spheres and hollow spherical particles irregular in shape	Main : > 45 μm Some : < 10 μm
	GGBS	Other glassy structures	-

Table 5 .

 5 2). Considering the compressive strength (Figure

Table 5 .3 w

 5 

/c ratios which must be used for the strength normalization

Table 5 . 4

 54 Relative error of 50 °C results compared to 20 °C ones

		1/Resistivity	Porosity	Carbonation	Type of relative error
	CEM II / B-V	16.67%	28.57%	43.59%	Acceptable
	CEM II / C-M	8.89%	22.96%	6.67%	Comprehensive
	CEM VI / S-L	69.78%	5.26%	10.53%	Unsuccessful test
	CEM VI / S-V	1.82%	7.41%		Major concern

Figure 4.34 XRD results for samples cured for 90 days at 20 °C, w/c 0.4

Figure 4.35 XRD results for samples cured for 12 days at 50 °C, w/c 0.4

Figure 4.36 XRD results for samples cured for 90 days at 20 °C, w/c 0.6
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Carbonation test

Considering the carbonation results given in Figure 4. 4 and Figure 4.5, the carbonation depth is much higher for the heat cured samples. However, it is interesting to look how evolve this difference of carbonation. For this purpose, the ratio of the two groups' carbonation depths was calculated (Table 5.1). Surprisingly, CEM II / B-V is not more carbonated than other cement types, while it is known that because FA reacts with Ca(OH)2, less CO2 is necessary to transform all Ca(CO)2 in CaCO3 in concrete, and so according to the phenolphthalein test, they carbonate faster than free FA ones. Remembering that the depth of carbonation of GGBS poorly cured samples can be very high, it can be thought that the other samples are not enough cured, and that would be why CEM II / B-V does not have the highest results.

Table 5.2 Evolution of the carbonation depth

Then, on the one hand, after 70 days exposed to accelerated carbonation, the diffusion of 0.4 w/c ratio of sample cured at 50 °C is decreasing while the one of standard cured samples is stable. Thus, the depth of carbonation of standard group is going to catch up the second group (Table 5.1). On the other hand, the only evolution of carbonation known for higher w/c ratios shows an increase of heat curing carbonation compared to the standard curing (Surprisingly, CEM II / B-V is not more carbonated than other cement types, while it is known that because FA reacts with Ca(OH)2, less CO2 is necessary to transform all Ca(CO)2 in CaCO3 in concrete, and so according to the phenolphthalein test, they carbonate faster than free FA ones. Remembering that the depth of carbonation of GGBS poorly cured samples can be very high, it can be thought that the other samples are not enough cured, and that would be why CEM II / B-V does not have the highest results.